Abstract
Introduction

45
Anaerobic oxidation of methane (AOM) coupled to sulfate reduction (SR) is a major sink in the 46 oceanic methane (CH 4 ) budget. The net stoichiometry of this reaction is shown in Eq. 1 (1) The thermodynamics of this reaction depend on the concentration of dissolved CH 4 . CH 4 is 49 poorly soluble: 1.3 mM is its concentration in sea water at ambient pressure and at 15°C (2).
50
Theoretically, an elevated CH 4 pressure favors the AOM coupled to SR (AOM-SR) 51 bioconversion since i) the Gibbs free energy becomes more negative at higher CH 4 partial 52 pressures and ii) the dissolved CH 4 concentration increases and is thus more bioavailable (Table   53 1). Thus, the activity and the growth of the microorganisms mediating the process, namely 54 anaerobic methanotrophs (ANME) and sulfate reducing bacteria (SRB), is expected to be higher 55 at elevated pressures.
This ANME-2 dominated sediment has its optimum pressure at the in situ pressure (S. Bhattarai, 66 Y. Zhang, and P.N.L Lens, submitted for publication). In contrast, the CH 4 partial pressure 67 influenced the growth of different subtypes of ANME-2 and SRB (i.e. at 10.1 MPa only the 68 ANME-2c and SEEP-SRB2 subtypes were enriched) from the Eckernförde Bay marine sediment 69 incubated for 240 days in a high-pressure membrane capsule bioreactor (12).
70
Studying the effect of pressure on ANME and SRB will thus help understand the growth of the 71 different ANME clades and their SRB partner. Finding ANME-SRB consortia that can grow fast operating at ambient conditions are preferred over those operated at high pressures.
85
Coastal marine sediment from Lake Grevelingen (the Netherlands) hosts both ANME and SRB
86
(18). Among the ANME types, ANME-3 is predominant, which makes this sediment a beneficial 87 inoculum to investigate the effects of pressure on ANME-3. ANME-3 is often found in cold seep 88 areas and mud volcanoes with high CH 4 partial pressures and relatively low temperatures (10, 89 19, 20) . Therefore, the shallow marine sediment from Lake Grevelingen was incubated at 90 different pressures (0.1, 0.45, 10, 20, and 40 MPa) to study the influence of pressure on the 91 AOM-SR activity, but also on the methanogenic activity and the potential formation of carbon, 92 e.g. acetate or methanethiol, (21) and sulfur, e.g. elemental sulfur or polysulfides (22), 93 intermediates. Moreover, phylogenetic analysis and visualization of microorganisms by 94 fluorescence in-situ hybridization (FISH) were used to study the activity and the shifts in cell 95 morphology, community composition and aggregation upon incubation of marine Lake
96
Grevelingen sediment at different pressures in batch for 77 days.
97
Results
98
Conversion rates of sulfur compounds
99
The highest sulfide production rates of the coastal marine Lake Grevelingen sediment was in the 100 incubations at the in situ pressure (0. (Figures 1b and 1a) . 
118
AOM rates
119
The AOM rates were calculated from the DIC produced from 13 CH 4 , from which the K m for CH 4 120 of the marine Lake Grevelingen sediment was determined to be around 1.7 mM. The DIC 121 production rates followed a similar trend as the sulfide production rates: the highest rate was and Figure 2b ). However, sulfide was produced from the start for all the incubations, while the 126 7 total DIC from CH 4 was mainly produced only after 40 days of incubation (Figure 2 and   127 Supporting information, Figure S1 ). Similar trends were found for all the other incubations at 128 different pressure, except for the vessel without CH 4 , where only sulfide production (0.3 mmol/ 129 vessel) was recorded.
130
Methanogenesis
131
CH 4 was produced in all the incubations, with the exception of the batches without biomass
132
(Supporting information, Figure S2 ). The highest amount of CH 4 formed was recorded in the 133 vessel at 0.1 MPa (Supporting Information, Figure S2b ). The highest methanogenic rate was 134 determined in the control vessel without CH 4 (N 2 in the headspace) and at 0. The total bacterial and archaeal cellular numbers were accessed from Q-PCR data performed on archaeal signature are shown in Figure 5a . Specifically, the abundance of ANME-3 among all the 151 archaea increased the most in incubations at 0.45 and 0.1 MPa, i.e. respectively three and two
152
times more than at the start of the incubation (Figure 5a ). ANME-2a/b reads increased the most 153 at 20 MPa: 27 times more than at the start of the incubation (Figure 5a ). Sequences of 154 methanogens, specifically belonging to the Methanomicrobiales, were more abundant after the 155 incubation at 0.1 MPa, rather than at higher partial pressures, where Thaumarchaeota and
156
Woesearchaeaota were more abundant in incubations at 10, 20 and even 40 MPa (Figure 5a ).
157
The bacterial communities were very diverse in all the incubations, the ones with the highest 
165
Halomonas and Sulfurovum genes decreased in all the batch incubations ( Figure 5b ).
166
Community shifts as a function of incubation pressure: FISH analysis 167 ANME-3 and DBB were visualized in all the batch incubations (Figures 6a-6c ). At the start of aggregate morphology depending on the incubation pressure ( Figure 6 ). At 0.1 and 0.45 MPa, 171 ANME-3 was more abundant than at the start, while the DBB cells were not found concomitant 172 to the ANME-3 cells ( Figure 6a ) and, even if present, the ANME-3 cells outnumbered the DBB 173 cells (Figure 6b ). In the 10 MPa incubation, ANME-3 was visualized more scattered and not in 174 clusters as at the lower pressures, whereas DBB cells were even more rarely pictured (Data not 175 shown). At 20 MPa, ANME-3 and DBB cells were rare, however, the stained cells formed tight 176 ANME-3/DBB aggregates (Figure 6c ). At 40 MPa, ANME-3 and DBB were the least abundant 177 and scattered and no aggregates could be found (data not shown).
178
Differently than ANME-3, more ANME-2 cells were visualized in the 77 days incubations at . DSS, the most common SRB bacterial partner of ANME-2, were most abundant at 0.1 MPa.
181
At lower pressure they were mainly visualized together with ANME-2 (Figure 6d ). At 20 MPa
182
only clusters of ANME-2 cells were visualized without DSS (Figure 6e ).
183
Discussion
184
Pressure effect on AOM in marine Lake Grevelingen sediment
185
This study showed that AOM and SR processes in Lake Grevelingen sediment depend on the 186 CH 4 total pressure. According to Eq. 1, the reaction rate is expected to be stimulated by the 187 elevated CH 4 partial pressure when the other parameters remain the same (Table 1 ). This 188 expectation has been commonly accepted and has been shown in communities dominated by 189 ANME-1, i.e. hydrocarbon seep in the Monterey canyon sediment (23) and ANME-2, i.e.
190
Eckernförde Bay (24, 25) and Gulf of Cadiz sediment (S. Bhattarai, Y. Zhang, and P.N.L. Lens, 191 submitted for publication). In contrast, the AOM-SR process by the ANME-3 dominated marine
Lake Grevelingen sediment has an optimal pressure at 0.45 MPa among all tested conditions
193
( Figure 1 ). This is in accordance with their natural habitat, i.e. the in situ pressure of marine Lake
194
Grevelingen is 0.45 MPa, but contrasts the theoretical thermodynamic calculation (Table 1) , that 195 predicts a higher CH 4 solubility and thus a higher activity based on reported Km values, i.e. 37
196 mM as calculated from an ANME-2 predominant enrichment originated from the Gulf of Cadiz 197 (9). The calculated K m value on CH 4 based on our ANME-3 dominated inoculum is much lower 198 than previously reported: around 1.7 mM. Thus, the ANME cells from Grevelingen marine 199 sediment have a higher affinity for CH 4 than the ANME-2 from the Gulf of Cadiz, explaining abundance of ANME-3 (18) and likely contains different subtypes than the ones found in deep 208 sea sediments, which cannot cope with a high pressure.
209
Pressure effect on ANME types
210
The ANME-3 type is usually visualized in association with DBB as sulfate reducing partner (10,
211
19). FISH analysis showed that the DBB cells were not as high in number as the ANME-3 cells 212 in any of the incubations (Figures 6a-6c ), but they increased the most at the 0.1 MPa incubation
213
(data not shown). In a recent study describing the microbial ecology of Lake Grevelingen 214 sediment (incubation pressure = 0.1 MPa), the two species (ANME-3 and DBB) could not be 215 visualized together and the DBB cells were much less abundant than ANME-3 (18), similarly to 216 this study (Figure 6a ). At 0.1 and 0.45 MPa, ANME-3 cells were visualized in aggregates mainly 217 detached from DBB cells (Figures 6a and 6b ). ANME-3 cells have been visualized without 218 bacterial partner before (20, 27) , suggesting that this ANME type is supporting a metabolism 219 independent of an obligatory bacterial association. In contrast, as ANME-3 and DBB decreased 220 in number at higher pressures, most of the ANME-3 and DBB visualized at 20 MPa were 221 forming small ANME-3/DBB clusters, suggesting that they have mutual benefits at this pressure
222
( Figure 6c ).
223
Sequences of ANME-2 were also found by Miseq analysis ( Figure 5a ) and visualized by FISH as for ANME-2, they were more abundant at higher pressures (10 and 20 MPa). ANME-2 and 227 DSS were mainly visualized in aggregates (Figure 6d ), especially at lower pressures (0.1 and 228 0.45 MPa). The cooperative interaction between the ANME-2 and DSS is still under debate:
229 Milucka et al. (22) stated that a synthrophic partner might not be required for ANME-2 and that 230 they can be decoupled by using external electron acceptors (28), whereas recent studies have 231 shown direct electron transfer between the two (ANME-2 and DSS) partners (29, 30 AOM-SR activity), the sulfur balance was closed by solely the sulfide production ( Figure 2b ).
239
The production of elemental sulfur was repressed at elevated CH 4 pressures (Figure 2b-2e 
255
In vitro demonstration of SR-AOM supported ecosystem in Lake Grevelingen
256
This study showed that CH 4 and sulfate were an effective energy source supporting SR-AOM in 257 the microbial ecosystem from the marine Lake Grevelingen sediment (Figure 1 
268
It should be noted that even after two months incubation, the abundance of the responsible 269 microorganisms, i.e. all detected types of ANME and SRB cells, is quite low: 17.8 ×10 5 and 11.4 270 ×10 5 number of copies per mL of wet sediment of ANME-3 and ANME-2, respectively, in the 271 total community (data not shown). The ANME-3 cells present in the marine Lake Grevelingen 
276
Methanogenic activity in marine Lake Grevelingen sediment was previously described by Egger Figure S2 ). 
291
Conclusions
292
This is the first study showing that the active ANME from the shallow marine Lake Grevelingen to previous studies that show strong positive correlations between the growth of ANME-1/2 and 295 the CH 4 pressure. Pressure steered the abundance and structure of the different types of ANME
296
and SRB. The ANME-3 type was predominantly enriched in incubations at low pressures,
297
whereas high pressures enhanced ANME-2 proliferation. Similarly, a shift from sulfate reducers 298 to sulfur reducers was observed in the bacterial community from low (0.1 and 0.45 MPa) to high
299
(10, 20, 40 MPa) CH 4 partial pressure. This research highlights that ANME-3 from marine Lake
300
Grevelingen can be enriched at rather low CH 4 partial pressures, which is important to further 301 understand their metabolism and physiology.
302
Materials and Methods
15
Site description and sampling procedure (Yerseke, the Netherlands). The sampling procedure has been described in Bhattarai et al. (18) , 310 the sediment was kept at 4 ºC in the dark in serum bottles with a headspace of CH 4 until use.
311
Experimental design
312
The effect of the pressure on the CH 4 oxidation, SR and CH 4 production rate of the marine Lake taken by attaching a connector and a vacuum tube to the exit port while gently opening the tap.
322
Weight and pressure were measured in the vacuum tube before and after sampling. The DNA was amplified using bar coded archaea specific primer pair Arc516F and reverse
375
Arc855R. The PCR reaction mixture was prepared as described by Bhattarai et al. (18) , however, documented using a UV transilluminator with Gel Doc XR System (Bio-Rad, USA).
389
After checking the correct band size, 150 µl of PCR amplicons were loaded in 1% agarose gel 390 and electrophoresis was performed for 120 min at 120 V. 
Quantitative real-time PCR (Q-PCR)
400
Archaeal and bacterial clones were used to prepare Q-PCR standard. Plasmids were isolated 401 using the Plasmid Kit (Omega Biotek, USA). The plasmid was digested with the EcoR I enzyme.
402
After digestion purification was done by gel extraction (Gel extraction Kit, Omega Biotek,
403
USA). The copy number was calculated from the total mass and the nucleic acid concentration.
404
Extracted DNA from the sediment at the start and at the end of the incubation period (11 weeks) 
423
This sample was used for cell counting and FISH analysis. (Takara, Japan) was added on top of the filter and incubated in the dark at room temperature for 427 30min. The filters were dried and mounted on a glass slide with 100 µL glycerol 10%. For FISH 428 analysis, the filtrated sample was hybridized with the archaeal probe ARCH915 (46), the 429 bacterial probe EUB I-III (47), with different CY3-labeled ANME probes: ANME-1 350 (3), 430 ANME-2 538 (48), ANME-3 1249 (10) and the Cy5-labelled SRB specific probes for
431
Desulfosarcina / Desulfococcus (DSS) DSS658 (3) and Desulfobulbus (DBB) DBB660 (49).
432
Cells were counterstained with 4', 6-diamidino-2-phenylindole (DAPI) (50). 
